The expected behaviour of the "difference index" (Metzger, Shapiro, Mosimann & Vinton, 1968) has been examined under simple assumptions. Provided that it is only used to compare the compositions of proteins of equal or near-equal length, it can be interpreted to provide an estimate of the number of differences between the two sequences. Results with several pairs of proteins are in good agreement with estimates obtained by an alternative approach described previously (Cornish-Bowden, 1977) .
I?ltrodnction
In a previous paper (Cornish-Bowden, 19771 , I described a simple way of using amino acid compositions to estimate the extent of sequence identity between two proteins of equal length. The analysis permits a simple interpretation of the two indexes of compositiona difference proposed by Harris, Kobes, Teller & Rutter (1969) and by Marchalonis & Weltman (1971) ; but it does not apply to the widely used "difference index" of Metzger, Shapiro, Mosimann & Vinton (1968) . I have now examined the theoretical properties of the difference index, in the hope of making the abundant data that have been published with it more accessible to interpretation.
Theory
For the same reasons as before (Cornish-Bowden, 1977) , I shall consider two sequences A and B with the same number N of amino acid residues in each. With this restriction the difference index DI of Metzger et al. (1968) is defined as follows:
where niA and niB are the numbers of residues of the ith type of amino acid in A and B respectively. The summation is carried out over as many types of 15.5 amino acid as are distinguished by the data, usually 18 as glutamate is not usually distinguished from glutamine or aspartate from asparagine. Just as the simple properties of the index of Marchalonis & Weltman (1971) are obscured by the inclusion of the factor 104/N2 in its definition (Cornish-Bowden, 1977) , so also is the behaviour of Df complicated by the factor 50/N in equation (1). So I shall instead consider the "difference total", DT, defined as follows:
This quantity has a minimum value of zero, which occurs if identical compositions are compared, and a maximum value of N, which occurs if (improbably) the two compositions have no type of amino acid in common.
More realistically, and more usefully, DT cannot exceed the number M of loci at which the two sequences are different; so it provides an exact lower limit for this number.
To determine the expected value of DT, I shall first consider two independent sequences A and B of the same length L, with the same probability pi of finding the ith type of amino acid at any locus in either sequence. Then all of the lZiA and ~1~ are binomially distributed and the expected value of DT is as follows:
This expression becomes amenable to analysis if the absolute differences are removed by redefining the limits so that niB > njA and using the fact that for every combination with niB < fiiA there is another equally probable combination with niB > niA:
This expression is very laborious to evaluate, especially if L is large, because of the triple summation. This can be simplified to a double summation by multiplying out the expression in brackets and recognizing it as a power series in [p,/(l -pi) ] with coefficients that are alternately of the forms (t,;$: and (",;:Xn:$>-Then the expected value of DT can be expressed as follows:
where Gi represents Lp,/(l -pi)]. N ow the expected value of DT can readily be computed for any set of pi values. [Numerical difficulties arise with large values of L when the binomial coefficients exceed the limits permitted by the computer (about 1O77 with the ICL 1906A used in this work), but with fairly simple precautions these can be avoided, at least for L up to about 700.1 The result is weakly dependent on the set Of pi values assumed, and all of the results given in this paper were obtained by putting the pi equal to the average frequencies observed in proteins (from Dayhoff & Hunt, 1972 , combining aspartate with asparagine and glutamate with glutamine). For convenience I shall refer to this as the "natural" set Of pi values. The dependence of E(DT) on the set of pi is negligible in comparison with the inherent uncertainty in deducing sequence information from composition data: for example, values of E(DT) calculated with pi = 0.0556 for all i differ by about 3.5 % from those calculated with the "natural" set of pi, which are plotted in Fig. 1 .
In practice one is unlikely to be concerned with the value of DT for a pair of unrelated proteins; one is more likely to want to know what proportion of loci in the two sequences contain different types of residue. However, the addition of (N-L) loci with identical residues in both sequences affects neither DT nor L, the number of loci at which the sequences are independent. Consequently L can still be estimated from DT by means of Fig. 1 . A further complication is that there is a small likelihood &$ that the same type of amino acid exists at any locus in both sequences even though they are independent. Therefore L is somewhat greater than the number M of loci at which the two sequences are different. To convert the estimate of L obtained from Fig. 1 into an estimate of M one must multiply it by (1 -cp:), i.e. by 0.93 if "natural" pi values are used.
In practice it is very laborious to solve equation (3) Values of E(DT) are calculated from equation (3) assuming the point probabilities pi to be equal to the average frequencies for the amino acids observed in proteins (Dayhoff & Hunt, 1972) .
Examples
The calculation of DT is illustrated in Table 1 with data of Yates & Planque (1975) for the iron protein components of nitrogenases from two organisms. The calculation of SAn, defined as which is an estimator of M (Cornish-Bowden, 1977) , is also included for comparison. Reference to Fig. 1 or equation (4) shows that the value of DT = 385 corresponds to a value of L N 296, which may be multiplied by 0.93 to convert it into an estimate M N 275 of the number of differences between the two sequences. This is in excellent agreement with the value of SAn = 280 N M given by the alternative analysis, and thus the calculations agree in estimating sequence identity of about 55 %.
A more extensive comparison of the results from the two methods is shown in Table 2 , which is based on data of Habig, Pabst & Jakoby (1974 , 1976 for four isoenzymes of glutamine S-transferase from rat liver. Although the six comparisons encompass a wide range of M estimates there is good agreement between the two methods in all cases. It is clear that isoenzymes A and C are very similar, with estimated sequence identity of about 95 %, whereas all Data for isoenzymes A, B and C were taken from Habig et al. (1974) , data for isoenzyme AA from Habig et al. (1976) . Small differences in the lengths of the proteins (385,392,381 and 398 respectively) were ignored in the calculations. For each comparison the number of sequence differences estimated from DT by means of Fig. 1 is shown on the left, and the number obtained according to Comish-Bowden (1977) is shown following it in parentheses.
f Values less than 0.42N: these indicate compositional similarity significantly greater than expected for unrelated sequences.
other pairs show much less similarity, though isoenzymes B and AA have compositions that are (just) significantly more similar than expected for unrelated proteins.
Several other comparisons confirmed the agreement between the two methods, whether they were applied to small and closely similar proteins, such as the ferredoxins from Leucaena glauca (Benson & Yasunobu, 1969) and Sambucus racemosa L. (Altosaar, Bohm & Taylor, 1977) , or to large and compositionally dissimilar proteins, such as the molybdenum-iron protein components of the nitrogenases from Azotobacter chroococcum and Clostridium pasteurianum (Yates & Planqub, 1975) .
Discussion
The excellent agreement between the results obtained with DT and SAn suggests that neither index is overwhelmingly better than the other. By extension, it follows that the index of Metzger et al. (1968) can be interpreted to provide essentially the same information as those of Harris et al. (1969) and Marchalonis & Weltman (1971) . It is therefore largely a matter of individual preference which is used, though there are significant advantages in both approaches. The main advantage of SAn is that it yields an unbiased estimate of the number of sequence differences directly, without further calculation and without dependence on the set of pi used. If DT is used it must be processed further to convert it into an estimate of the number of sequence differences, but it does directly provide an exact lower limit for this number, information that is not simply available from SAn. It is obvious that DT cannot be greater than the number of sequence differences, whereas SAn can be much greater-indeed, it can exceed N, as it does, for example, in the comparison between isoenzymes A and AA in Table 2 .
Unfortunately the absolute differences used in the definition of DT make it impracticable to derive an expression for its variance. Nonetheless, the close agreement in practice between the results with DTand SAn suggests that the approximate significance of DT may be tested by adapting the significance test for SAn (Cornish-Bowden, 1977) . If it is true that the two indexes provide essentially the same information, then DT can be taken to be significantly smaller than the value expected for unrelated sequences if it leads to an estimate of fewer than 0~42iV sequence differences. This test can be extended in an obvious way to the difference index DI of Metzger et al. (1968) , provided that it refers to a comparison between proteins of equal or near-equal length.
In my earlier paper (Cornish-Bowden, 1977 ) I commented that it would be rash to attempt to construct a phylogenetic tree from composition data.
Shortly after this was published, however, Black & Harkins (1977) presented results that suggested that I had been unduly pessimistic. Their success in relating the amino acid compositions of cytochromes c to their phylogenetic relationships, and in constructing a phylogenetic tree from measurements of the index of Harris et al. (1969) for pyruvate kinases, argues that the limit in extracting information from composition data has by no means been reached. The results of Black & Harkins (1977) are also of interest in that they provide empirical support for the view that the various composition indexes are of equal value in predicting significant sequence similarities between proteins.
